Cross-sectional studies demonstrate an association between metabolic syndrome and impaired lung function. Objectives: To define if metabolic syndrome biomarkers are risk factors for loss of lung function after irritant exposure. Methods: A nested case-control study of Fire Department of New York personnel with normal pre-September 11th FEV 1 and who presented for subspecialty pulmonary evaluation before March 10, 2008. We correlated metabolic syndrome biomarkers obtained within 6 months of World Trade Center dust exposure with subsequent FEV 1 . FEV 1 at subspecialty pulmonary evaluation within 6.5 years defined disease status; cases had FEV 1 less than lower limit of normal, whereas control subjects had FEV 1 greater than or equal to lower limit of normal. Measurements and Main Results: Clinical data and serum sampled at the first monitoring examination within 6 months of September 11, 2001, assessed body mass index, heart rate, serum glucose, triglycerides and high-density lipoprotein (HDL), leptin, pancreatic polypeptide, and amylin. Cases and control subjects had significant differences in HDL less than 40 mg/dl with triglycerides greater than or equal to 150 mg/dl, heart rate greater than or equal to 66 bpm, and leptin greater than or equal to 10,300 pg/ml. Each increased the odds of abnormal FEV 1 at pulmonary evaluation by more than twofold, whereas amylin greater than or equal to 116 pg/ml decreased the odds by 84%, in a multibiomarker model adjusting for age, race, body mass index, and World Trade Center arrival time. This model had a sensitivity of 41%, a specificity of 86%, and a receiver operating characteristic area under the curve of 0.77. Conclusions: Abnormal triglycerides and HDL and elevated heart rate and leptin are independent risk factors of greater susceptibility to lung function impairment after September 11, 2001, whereas elevated amylin is protective. Metabolic biomarkers are predictors of lung disease, and may be useful for assessing risk of impaired lung function in response to particulate inhalation.
As part of the first medical monitoring examination (MME) post-9/11, all participants received PFTs and fasting blood levels of high-density lipoprotein (HDL), glucose, and triglycerides; concurrent serum samples were collected and banked in a biorepository. Symptomatic firefighters were referred to subspecialty pulmonary evaluation (SPE) between September 12, 2001 , and March 10, 2008 (n ¼ 1,720), and obstruction was the predominant physiologic finding underlying the reduction in their lung function after 9/11 (10) .
Inflammation is a key feature of metabolic syndrome (MetSyn) (11) . MetSyn is a set of risk factors that includes abdominal obesity, insulin resistance, dyslipidemia, and hypertension (12) . MetSyn affects more than 30% of adults, or more than 47 million Americans. Patients who have this syndrome have a 1.5-fold to threefold increased risk of developing atherosclerotic cardiovascular disease, and a threefold to fivefold increased risk of type II diabetes (13) .
Previous cross-sectional studies have suggested associations of impaired lung function with insulin resistance, type II diabetes mellitus, and MetSyn (14) (15) (16) (17) (18) . The temporal relationship of MetSyn biomarkers and ventilatory function decline is in dispute. One longitudinal study showed that baseline lower FEV 1 was an independent predictor of development of MetSyn (19) . Recent literature has implicated systemic inflammation in chronic airflow obstruction (20) . Airflow obstruction from particulate matter (PM) and smoke-induced inflammation is poorly understood, but high ambient PM significantly decreases FEV 1 (21) (22) (23) . MetSyn coexisting with chronic obstructive pulmonary disease (COPD) is frequent. Nearly half of COPD patients demonstrate the presence of one or more components of MetSyn (13) . Abdominal obesity compressing the lung is one of the causes of impaired lung function in MetSyn (18) , but systemic inflammation caused by MetSyn also contributes to lung disease (24, 25) . In air pollution studies, long-term PM exposure and MetSyn increase systemic inflammation (11) . Similar interactions are seen between MetSyn and COPD, possibly explaining the increased cardiovascular mortality in COPD (24, (26) (27) (28) . Our study goal was to investigate if MetSyn biomarkers can predict future loss of lung function in a longitudinal study of a well-defined cohort of FDNY rescue workers with exposure to WTC dust. Some of the results have been previously reported in the form of an abstract (29) .
METHODS Study Design and Participants
Symptomatic participants (n ¼ 1,720) referred to SPE between October 1, 2001 , and March 10, 2008 , entered the study cohort and had a median time between MME and SPE of 28 months, (interquartile range, 12-49 mo). Baseline cohort (n ¼ 801 and 1,720) was defined after inclusion and exclusion criteria were applied.
The baseline cohort was stratified by tertiles of body mass index (BMI) FEV 1%Pred at SPE and the cohort control was randomly selected (n ¼ 171). The most and least affected subgroups in the bottom and top octiles of FEV 1%Pred at SPE (n ¼ 100 for each) were oversampled. When all subgroups were combined, the study subcohort represented 327 and 801 (n ¼ 237 with biomarkers) (Figure 1 ). Cases were defined as having FEV 1%Pred less than lower limit of normal (LLN) as defined by National Health and Nutrition Examination Survey III and control subjects as FEV 1%Pred greater than or equal to LLN at SPE. Subjects signed informed consents approved by the institutional review boards of Montefiore Medical Center (#07-09-320) and New York University (#11-00439).
Demographics
Demographic data were obtained from the FDNY-WTC-MMTP (Table  1) . Arrival time was defined at the first MME based on FDNY-WTC Exposure Intensity Index (10) . Those arriving after September 12, 2001 , were excluded from analysis because of low numbers and significant demographic differences as previously described (10) . Neversmokers reported having never smoked at all follow-up MMTP visits.
Serum Sampling and Analysis
Blood drawn at the MME was kept for 1 hour at room temperature and centrifuged at 1,800 g for 10 minutes. Serum was stored at 280 8 C (BioReference Laboratories, NJ); thawed once at 4 8 C; assayed by 13-Plex Metabolic Hormone Panel (Millipore, Billerica, MA) on a Luminex 200IS (Luminex Corporation, Austin, TX); and with MasterPlex TM QT software (Ver.1.2; MiraiBio, South San Francisco, CA). The dynamic range of the assay was defined by the manufacturer. Each batch of samples processed contained control subjects and cases in approximately 16:7 ratio. Cut-off values were defined as the study cohort's 25th and 75th percentile of biomarker expression (138 and 171 with serum available).
MetSyn Criteria
MetSyn diagnosis requires three out of five World Health Organization modified National Heart Lung and Blood Institute/American Heart Association criteria: (1) triglycerides greater than or equal to 150 mg/dl; (2) HDL cholesterol less than 40 mg/dl in men; (3) systolic blood pressure greater than or equal to 130 mm Hg or diastolic blood pressure greater than or equal to 85 mm Hg; (4) fasting glucose greater than or equal to 100 mg/dl (12, 30) ; and (5) BMI greater than 30 was substituted for increased waist circumference as per World Health Organization (31).
Spirometry
Spirometry was performed at MME (Portascreen Spirometry; S&M Instruments, Doylestown, PA) and at SPE (Jaeger Masterscreen; Viasys Healthcare, San Diego, CA) (7, 32) . Spirometry was done according to American Thoracic Society/European Respiratory Society guidelines and FEV 1%Pred was determined using National Health and Nutrition Examination Survey III normative data ( Table 2 ). Change in FEV 1%Pred was calculated for each individual by linear regression between the earliest and latest available PFT from 1997 to September 10, 2001 (Table 2) .
Statistical Analysis
Database management and statistics were performed using SPSS 19 (IBM, Armonk, NY) and GraphPad Prism Version 5.02 (GraphPad Software Inc., La Jolla, CA). Analyte levels were compared by Mann-Whitney U test. Demographics and the proportion of individuals that met each criteria of MetSyn were compared in cases and control subjects by Pearson chi-square. The odds ratio (OR) of case and control status, while adjusting for confounding, was determined using multivariate binary logistic regression. The goodness-of-fit of the regression model was assessed by Hosmer-Lemeshow. Statistical significance was assessed by P less than 0.05. Multiple tests were controlled for by calculating the false discovery rate; P less than or equal to 0.05 was considered significant.
RESULTS

Participants
Derivation of baseline cohort, cases, and control subjects from those that received SPE is described in Figure 1 . Controls had similar FEV 1%Pred compared with the baseline cohort (n ¼ 801) and the study cohort (n ¼ 327). Cases and control subjects had similar WTC arrival time, duration from 9/11 to MME, time from 9/11 to SPE, years of service, and age at 9/11. Serum drawn at the first monitoring examination was available for 166 (76%) of 218 of the control subjects and 71 (65%) of 109 of lung impairment cases. The demographics of the total groups were similar to control subjects and cases with serum available (Table 1) . BMI was elevated in cases compared with control subjects at the first MME and at SPE (Table 1) .
Longitudinal BMI and Lung Function
Cases had lower FEV 1%Pred than control subjects: pre-9/11 (88% vs. 108%), MME (77% vs. 96%), and SPE (73% vs. 104%); P less than 0.0001 for all evaluations. Lung function in cases, as measured by FEV 1%Pred , continued to decline from MME to SPE (77-73%), whereas lung function for control subjects increased (96-104%) ( Table 2 ). To confirm that the median FEV 1 represented individual deterioration in cases and improvement in control subjects, patients were used as their own control subjects. The mean ratio of FEV 1%Pred measured at these two time points (SPE and MME) was 0.88 in cases and 1.04 in control subjects (P , 0.0001). The difference in FEV 1%Pred between cases and control subjects pre-9/11 FEV 1 could be a manifestation of differential susceptibility to lung injury before WTC exposure. Because this cohort has had spirometries starting in 1997, we were able to calculate the change in FEV 1 in milliliter per year in cases and control subjects (Figure 2 ). This allowed us to assess if cases manifested accelerated decline of lung function before WTC exposure; there was no significant difference in FEV 1 decline between cases and control subjects before 9/11. Additionally, there was no significant difference between cases and control subjects in the decline in FEV 1 in the interval around WTC exposure. A markedly different pattern occurred in the interval between MME and SPE, where cases lost 89 ml/yr FEV 1 post-9/11, whereas control subjects gained 42 ml/yr (P , 0.0001) (Figure 2 ).
Clinical Biomarkers of MetSyn at FDNY-WTC MME in Cases and Control Subjects
Cases had significantly higher glucose (median, P value) (93 vs. 90 mg/dl; P ¼ 0.03) and heart rate (71 vs. 66 bpm; P ¼ 0.02) than control subjects. Other parameters of MetSyn measured in cases and control subjects were not significant: triglycerides (158 vs. 135 mg/dl; P ¼ 0.09); systolic blood pressure (120 vs. 114; P ¼ 0.09); and HDL (43 vs. 47 mg/dl; P ¼ 0.15). Serum levels of 13 metabolic protein biomarkers showed that cases compared with control subjects had higher levels of leptin (8,035 vs. 5,370 pg/ml; P , 0.001); lower levels of amylin (54.8 vs. 59.2 pg/ml; P , 0.01); and lower levels in pancreatic polypeptide (108.5 vs. 151.5 pg/ml; P ¼ 0.05) ( Table 3) .
Association between MetSyn Biomarkers and Lung Function
We assessed the proportion of cases and control subjects that met each MetSyn criteria and exceeded biomarker cut-off values at MME (Table 4 ). There was a trend toward an increased percentage of individuals with MetSyn in cases compared with control subjects (27% vs. 16%; P ¼ 0.07). Cases had a larger proportion of individuals with higher glucose (28% vs. 16%; P ¼ 0.03) and lower HDL (32% vs. 20%; P ¼ 0.05). The differences in lipid profiles between cases and control subjects were accentuated when individuals had combined abnormalities of triglycerides and HDL (dyslipidemia, defined as triglycerides >150 mg/dl and HDL,40 mg/dl; 28% vs. 14%; P ¼ 0.01). In addition, we defined a 66-bpm cutoff value based on the median of the nonsmoking cohort (n ¼ 801). Cases compared with control subjects had a larger proportion with elevated heart rate (65% vs. 48%; P ¼ 0.02). We then defined cutoff values for metabolic analytes using the top quartile for leptin (>10,300 pg/ml) and amylin (>116 pg/ml), and the bottom quartile for pancreatic polypeptide (<89 pg/ml). Cases had a higher proportion of individuals with elevated leptin (42% vs. 21%; P , 0.001) and reduced pancreatic polypeptide (38% vs. 24%; P ¼ 0.04). Elevated amylin was markedly underrepresented in cases (7% vs. 31%; P , 0.0001) ( Table 4) .
We then assessed if any of the biomarkers with significantly different prevalence altered the OR of being a case using logistic regression models adjusted for BMI, age on 9/11, race, and WTC arrival time (Table 5) . When biomarkers and clinical parameters were included in the final model, dyslipidemia, elevated heart rate, and elevated leptin significantly increased the odds of being a case: dyslipidemia (OR, 3.03; 95% confidence interval [CI], 1.39-6.16); heart rate greater than or equal to 66 bpm (OR, 2.20; 95% CI, 1.14-4.24); and leptin greater than or equal to 10,300 pg/ml (OR, 3.00; 95% CI, 1.35-6.66). Elevated amylin was strongly protective, decreasing the odds of being a case by 84% (OR, 0.16; 95% CI, 0.06-0.43). Models using these biomarkers as continuous variables also showed significant association with case status (data not shown). Elevated glucose and elevated pancreatic polypeptide became nonsignificant, and consequently were not included in the final multibiomarker model (data not shown).
We assessed the ability of the final logistic regression model to predict case status using receiver operating characteristic analysis. The final model had an area under the curve of 0.774 after adjusting for aforementioned confounders (Figure 3 ). The area under the curve for dyslipidemia, heart rate, leptin, and amylin as single analytes was 0.578, 0.585, 0.611, and 0.384, respectively. This indicates that the final model was more accurate in predicting the abnormal lung function compared with individual biomarkers. The final model was robust, with likelihood ratio of 239.16 and Hosmer-Lemeshow chi-square value of 7.54 (P ¼ 0.48) ( Table 5) .
We assessed the impact of multiple comparisons of cases and control subjects by Mann-Whitney U test for the 13 analytes. The false discovery rate was 0.01 for leptin and 0.05 for amylin in the final model, and was found to be significant (P < 0.05). The interaction terms between leptin and amylin were not significant (data not shown). Applying the model with protective and risk factors to the study group with a case prevalence of 30.1% (95% CI, 24.4-36.4) the following parameters were found: sensitivity 40 
DISCUSSION
Nonsmokers with normal pre-9/11 lung function, dyslipidemia, elevated heart rate, and leptin greater than or equal to 10,300 pg/ml within 6 months of 9/11 had significantly increased risk of developing abnormal lung function over the subsequent 6 years. In contrast, patients with elevated amylin were significantly protected Figure 2 . Change in FEV 1 (milliliter per year) significantly different between cases and control subjects only at medical monitoring examination (MME) to subspecialty pulmonary examination (SPE) time period. n ¼ 237; * P , 0.0001. Slope was not statistically significant between cases and control subjects at pre-September 11th (n ¼ 169) and between pre-September 11th to MME (n ¼ 237). Results represented as box (median and interquartile range) and whiskers (10th-90th percentile). Significance determined by Mann-Whitney U test.
from post-9/11 decline in lung function. Dyslipidemia, elevated heart rate, and leptin were independent risk factors, whereas amylin is a protective factor for subsequent decline in lung function and significantly altered the odds of being a case in a confounder-adjusted multibiomarker model. Elevated glucose and reduced pancreatic polypeptide predicted impaired lung function in single biomarker model, but their effect became nonsignificant in the final model. In this limited cohort of 237 patients, we did not observe a significant impact of arrival time on lung function previously observed (1) . The logistic regression model also showed that BMI at SPE was not significantly associated with case status (data not shown). The biomarker models were adjusted for age, BMI at SPE, race, and WTC arrival time, suggesting these potential confounders did not account for the impact of the biomarkers on the observed post-9/11 lung impairment. These novel findings suggest biomarkers of MetSyn may promote lung function impairment.
Cases and control subjects were defined by FEV 1 at SPE. Control subjects maintained normal lung function, whereas cases developed abnormal FEV 1 by SPE. Using FEV 1 as single measure of lung function could lead to misclassification because FEV 1 is reduced in restriction and obstruction. In prior investigation, however, it was observed that obstruction caused most abnormal FEV 1 . Cases in the pilot study have low FEV 1 /FVC ratio (median, 72; interquartile range, 65-77), confirming that FEV 1 less than LLN is a surrogate for obstruction in this population. We therefore believe that FEV 1 less than LLN is the single best outcome measure to define lung injury in the FDNY cohort at each point of interest. Although misclassification may occur when using FEV 1 less than LLN as a single measure of abnormal lung function, it does not prevent detecting strong associations between biomarkers and lung injury. Cases and control subjects were similar in two important characteristics. First, cases and control subjects arrived at WTC before September 13th, were intensely exposed to dust and smoke, and experienced the same drop in FEV 1 within 6 months post-9/11. This suggests a similar response to acute irritant exposure. Second, in the 3 years pre-9/11, there was no significant difference in FEV 1 decline, demonstrating that cases do not have accelerated decline of lung function normally. Cases and control subjects differed in two significant ways. Cases had significantly lower, but normal FEV 1 in their pre-9/11 PFT with median FEV 1 of 88% predicted compared with 108% in control subjects. One explanation of this difference is that their susceptibility to intense irritant exposure produced clinically significant divergence in the groups over time. Another explanation is that subjects with lower baseline pre-9/11 FEV 1 were closer to LLN, and therefore needed a smaller relative decline to drop below LLN post-9/11. The second difference is that cases had a median rate of decline of 89 ml/yr, whereas control subjects increased 42 ml/yr between MME and SPE. This demonstrates a disease process in cases that produced progressive loss of lung function for years after the insult. In contrast, control subjects had a small but measurable increase in lung function after the initial insult, indicating some restorative capacity in this group. This case-control study was nested within a larger, intensively evaluated, longitudinally followed cohort. The differences of biomarkers between cases and control subjects appear before clinical disease presentation, making reverse causation less likely. The appearance of these risk factors before subjects presenting for SPE may indicate that biomarkers of MetSyn are involved in the development of lung function impairment. The study cohort was narrowly defined to eliminate potential confounders, such as prior lung disease, sex, and tobacco use. Cases that developed abnormal lung function and control subjects that preserved lung function after 9/11 came from the same restricted study cohort. Both groups had similar representation of individuals with high BMI and early arrival time. The logistic models effectively adjusted for these confounders. Thus, we were able to observe three significant and independent risk factors that interacted with WTC exposure to increase the risk of developing lung disease in this study. We also found one protective factor, which improved the ability of the model to predict abnormal lung function.
In the subjects, there is a trend for an association between classically defined MetSyn and eventual FEV 1 loss. Large crosssectional studies demonstrate MetSyn and reduced lung function are associated with the obesity component (as defined by BMI) of MetSyn. Obesity is the strongest predictor of abnormal pulmonary function (18, 33) . The findings are consistent with other WTC-exposed cohorts in that symptomatic cases had higher BMI than asymptomatic control subjects (34) . Individual MetSyn components were stronger predictors of lung disease than the aggregate case definition. This is not surprising because MetSyn diagnostic criteria have been optimized to predict eventual cardiovascular disease and stroke (12) . The biomarkers of MetSyn (i.e., amylin and leptin) play a key role in metabolism (35) .
The standard clinical definition of MetSyn includes measures of glucose, HDL, and triglycerides. In this study, cases of lung function impairment had increased prevalence of higher glucose and dyslipidemia compared with control subjects. The longitudinal observations show that glucose intolerance and lipid abnormalities predict abnormal lung function and are consistent with results from large cross-sectional studies demonstrating an association between elevated glucose and abnormal pulmonary function (35) (36) (37) (38) (39) . Mechanisms underlying this association are unclear, but animal models demonstrate that hyperlipidemia is associated with inflammatory lung injury (36, 40) . The significant effect of glucose was lost in the final model, suggesting the impact of glucose on lung function is either indirect or weaker than dyslipidemia.
The elevated heart rate observed in cases suggests altered autonomic balance in patients who progressed to abnormal lung function (41) (42) (43) . Elevated heart rate has been linked to lower levels of pancreatic polypeptide and subsequent elevation in serum glucose (44) . These associations are consistent with our observations. The trend toward elevated systolic blood pressure in cases is also consistent with either higher sympathetic tone in cases or higher parasympathetic tone in control subjects.
Elevated leptin is another MetSyn biomarker that is significantly associated with reduced lung function in large cross- Receiver operator characteristic (ROC) reduced and final models. Final model ROC curve (solid black line) includes leptin greater than or equal to 10,300 pg/ml, amylin greater than or equal to 116 pg/ml, high-density lipoprotein less than 40, triglycerides greater than or equal to 150, and heart rate greater than or equal to 66 bpm, adjusted for age at September 11th, body mass index at subspecialty pulmonary examination, race, and World Trade Center arrival time. Individual components (dotted lines) are crude models with the single predictor indicated, adjusted for age at September 11th, body mass index at subspecialty pulmonary examination, race, and World Trade Center arrival time. AUC ¼ area under the curve.
sectional studies (45, 46) . We show that elevated leptin increases the odds of abnormal FEV 1 by more than twofold after adjustment for BMI. A role for this adipocyte-derived cytokine in impaired lung function is plausible because leptin has receptors in the lung and is increased in inflammation (41, 47, 48) . The triglycerides and HDL mechanism underlying the association of leptin with lung function is poorly understood. This report is the first to use human data that describe an association between amylin and lung function. In animal models, there are amylin receptors in the lung (42) . Amylin administration produces reduced pulmonary vascular resistance; increased tracheal mucus; and improved sensitivity to butylcholine, an acetylcholine analog (43, 44) . There are also data in humans that amylin reduces leptin resistance (35) . The reduced risk of developing abnormal lung function in patients with elevated amylin may be mediated by its impact on parasympathetic tone or leptin sensitivity.
This study has several limitations. It uses a single cohort of FDNY rescue workers. In addition, early serum samples from other WTC-exposed cohorts are unavailable, making these findings unique to this cohort. The 13 metabolic analytes combined with five MetSyn clinical parameters had a sensitivity of 41%, suggesting that other pathways to lung disease remain unidentified in this analysis. Serum inflammatory biomarkers are also elevated in COPD exacerbations (49) (50) (51) . We have recently reported that low a 1 -antitrypsin, elevated granulocyte-macrophage colonystimulating factor, and macrophage-derived chemokine are additional risk factors for the development of WTC-related lung injury (52) (53) (54) . The contribution of the serum glucose became nonsignificant in the final model. It is possible that elevated glucose would be significantly associated with impairment of lung function in a study with more participants. IL-6, a known biomarker of MetSyn, was not significantly different between cases and control subjects. However, levels were below the limits of detection, limiting the ability to interpret this finding. The MetSyn parameters measured are not biomarkers of exposure because all individuals with serum stored during the monitoring arrived at the WTC site within 3 days of its collapse. Because there is no unexposed control group, one cannot determine if WTC exposure is necessary for the observed effect, but it is essential to define the study cohort. For these reasons, replication of these findings in other longitudinally followed populations with and without PM exposure is important.
The results of this study emphasize the importance of rapidly mobilizing resources to conduct medical monitoring and sample banking after a disaster. By identifying individuals at greater risk, early intervention may reduce lung function impairment. Dyslipidemia and elevated leptin and heart rate were observed to be risk factors for development of abnormal lung function. Elevations of serum amylin were found to be protective. MetSyn biomarkers in individuals susceptible to irritant-induced impaired lung function identify pathways that could be responsible for this susceptibility. This insight on protein expression may guide future genetic polymorphism studies in leptin, pancreatic polypeptide, or other regulatory elements. Candidate susceptibility polymorphisms from this cohort could then be assayed in other WTC cohorts to assess their generalizability as risk factors for impaired lung function.
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